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Drying disturbances are the primary determinant of aquatic community biodiversity 
in dynamic river ecosystems. Research exploring how communities respond to 
disturbance has focused on benthic invertebrates in surface sediments, inadequately 
representing a connected community that extends into the subsurface. We compared 
subsurface and benthic invertebrate responses to drying, to identify common and 
context-dependent spatial patterns. We characterized community composition, 
alpha diversity and beta diversity across a gradient of drying duration. Subsurface 
communities responded to drying, but these responses were typically less pronounced 
than those of benthic communities. Despite compositional changes and in contrast to 
reductions in benthic alpha diversity, the alpha diversity of subsurface communities 
remained stable except at long drying durations. Some primarily benthic taxa were 
among those whose subsurface frequency and abundance responded positively to 
drying. Collectively, changing composition, stable richness and taxon-specific increases 
in occurrence provide evidence that subsurface sediments can support persistence of 
invertebrate communities during drying disturbances. Beta-diversity patterns varied 
and no consistent patterns distinguished the total diversity, turnover or nestedness 
of subsurface compared to benthic communities. In response to increasing drying 
duration, beta diversity increased or remained stable for benthic communities, but 
remained stable or decreased for subsurface communities, likely reflecting contrasts in 
the influence of mass effects, priority effects and environmental filtering. Dissimilarity 
between subsurface and benthic communities remained stable or increased with drying 
duration, suggesting that subsurface communities maintain distinct biodiversity value 
while also supporting temporary influxes of benthic taxa during drying events. As 
temporary rivers increase in extent due to global change, we highlight that recognizing 
the connected communities that extend into the subsurface sediments can enable 
holistic understanding of ecological responses to drying, the key determinant of 
biodiversity in these dynamic ecosystems.
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2Introduction
Understanding how environmental factors influence spatial 
biodiversity patterns is a central goal in ecology. Interactions 
between alpha (α) and beta (β) diversities determine regional-
scale patterns, and their concurrent study underpins under-
standing of communities within a metacommunity context 
(Baselga 2010, Tuomisto 2010). In dynamic ecosystems, 
disturbances (sensu Townsend 1989) are fundamental 
forces that alter physical environments to influence how 
biodiversity is organized in space and time (Huston 1979, 
Pickett  et  al. 1989). Many studies have characterized eco-
logical responses to disturbance within regions. However, we 
need to better understand how communities respond at large 
spatial scales, to identify context-independent relationships 
and inform development of general ‘rules’ that explain how 
ecosystems function. Equally, identifying context-dependent 
relationships can underpin effective management that 
supports biodiverse communities within regions.
Community composition varies in response to disturbance 
intensity (Lepori and Malmqvist 2009, Vanschoenwinkel et al. 
2010), with lower α-diversity (i.e. local community diver-
sity within a sampling unit; Tuomisto 2010) often reflecting 
environmental instability at highly disturbed sites (Denslow 
1980, Datry  et  al. 2014a). Communities at more dis-
turbed sites may be dominated by generalists that represent 
‘nested’ subsets of the taxa also found at less disturbed sites 
(Fernández-Juricic 2002, Datry et al. 2014a). Alternatively, 
habitat heterogeneity (i.e. the range of habitat types pres-
ent at a site; Szewczyk and McCain 2019) at disturbed 
sites can create niches in which adapted specialists replace 
taxa restricted to less disturbed sites, offsetting biodiversity 
declines (Wesche et al. 2000, Bogan et al. 2013). Taxa losses/
gains (nestedness) and replacements (turnover) influence 
how β-diversity (i.e. community variation among sampling 
units; Anderson et al. 2011) responds to disturbance inten-
sity in dynamic ecosystems (Aspin et al. 2018). Beta-diversity 
may peak at stable sites if environmental filtering homog-
enizes communities at disturbed sites (Chase 2007, Lepori 
and Malmqvist 2009). Alternatively, habitat heterogeneity 
may allow β-diversity to peak at intermediate disturbance 
intensities (Grime 1973, Cadotte 2007, Leigh and Datry 
2017), if community homogenization is restricted to highly 
disturbed sites (Chase 2007) and mass effects allow taxa with 
high dispersal rates to reduce community variability at stable 
sites (Heino et al. 2015).
Rivers are dynamic ecosystems in which floods and 
drying (i.e. extensive or complete loss of water from the 
surface and sometimes subsurface sediments) are common 
disturbances, and drying is natural and often predictable 
in temporary rivers. The connectivity of riverbed sediments 
creates extensive habitats in which organisms move between 
surface (i.e. benthic) and subsurface (i.e. hyporheic) sedi-
ments in response to environmental drivers. The subsurface 
sediments can be an ecological refuge during disturbances 
(Davis et al. 2013), supporting the persistence of connected 
communities that span the habitats within a river’s vertical 
dimension (Stubbington 2012). In dynamic ecosystems, such 
refuges can mediate responses to disturbance and stabilize 
populations (Berryman et al. 2006), but most ecohydrologi-
cal studies have considered only benthic communities within 
surface sediments, without recognizing that communities 
extend into the subsurface.
Based on macroinvertebrate community characterizations, 
subsurface and benthic communities differ, with lower 
α- and β-diversity of subsurface communities attributed to 
their inhabitation of a relatively homogeneous environment 
(Datry 2012). These connected communities may therefore 
respond differently to disturbance, with lower disturbance 
intensities and α-diversity sometimes reducing subsurface 
response magnitudes (Young et al. 2011, Datry 2012). Lower 
disturbance magnitudes can allow subsurface sediments to 
provide a refuge for benthic organisms (Clinton et al. 1996, 
Vander Vorste et al. 2016), and benthic responses to distur-
bance may therefore influence changes in subsurface commu-
nities (Stubbington 2012) and alter similarity between these 
interacting faunas. In temporary rivers, subsurface α-diversity 
may decrease in response to drying if declining water avail-
ability reduces survival of sensitive taxa (Stanley et al. 1994, 
Clinton  et  al. 1996). Alternatively, α-diversity may remain 
stable or increase if surface water loss triggers vertical migra-
tion of benthic organisms into saturated or humid subsurface 
sediments (Clinton et al. 1996, Vander Vorste et al. 2016). 
The arrival of benthic migrants may increase both total simi-
larity and the nestedness contribution to similarity between 
subsurface and benthic communities. Across the vertical 
dimension, divergent niche selection in heterogeneous envi-
ronments may increase β-diversity at temporary compared to 
perennial sites (Young et al. 2011, Stubbington et al. 2017a). 
Subsurface β-diversity may respond to any increase in the 
occurrence of predominantly benthic taxa by increasing, 
or by decreasing if a common subset of taxa joins variable 
subsurface communities.
Whereas the profound influence of drying on α-diversity 
and, to a lesser extent, β-diversity is well-characterized for 
benthic invertebrate communities during flowing phases 
(Datry et al. 2014a, Leigh and Datry 2017), how drying affects 
subsurface communities and their interactions with benthic 
organisms remains poorly known (but see Clinton  et  al. 
1996, Datry  et  al. 2007, Stubbington  et  al. 2011b, Datry 
2012), and no study has described large-scale spatial patterns. 
To address this research gap, we compiled all available data 
documenting subsurface–benthic communities in perennial 
and temporary rivers. Our aim was to quantify responses of 
invertebrate communities in subsurface sediments to surface 
water loss, and to compare these to benthic community 
responses.
Our first hypothesis was that subsurface community 
composition changes in response to drying, but that this 
response is reduced compared to benthic communities due 
to lower disturbance magnitude and lower total α-diversity. 
Second, we hypothesized that α-diversity decreases in response 
3to drying duration due to the loss of drying-sensitive organ-
isms, but that the gain of primarily benthic taxa may offset 
or exceed the loss of sensitive invertebrates from subsurface 
sediments at temporary sites with greater water permanence; 
again, we hypothesized that any subsurface decrease would 
be reduced compared to benthic communities (Fig. 1a). 
Third, we hypothesized that β-diversity is lower in subsurface 
compared to benthic communities, due to lower habitat 
diversity and accessibility. We also hypothesized that the 
β-diversity of both communities increases with decreasing 
water permanence up to a threshold (due to greater environ-
mental variability), then declines at longer drying durations, 
with more pronounced changes in subsurface communities 
joined by benthic migrants (Fig. 1b). Our fourth hypothesis 
was that with decreasing water permanence, total similarity 
and nestedness between subsurface and benthic communi-
ties increase, due to greater use of subsurface sediments by 
predominantly benthic taxa (Fig. 1c).
Material and methods
Data sets
We sought data comprising subsurface and benthic aquatic 
invertebrate communities sampled concurrently during 
flowing phases at ≥ 3 sites on one river with variation in 
water permanence. We sourced data from 55 sites across five 
rivers (Table 1), which (based on a comprehensive literature 
search and correspondence with experts) we believe represent 
all globally available data. Two rivers are in France (Albarine, 
Asse), two in the UK (Glen, Lathkill) and one in New 
Zealand (Selwyn), the latter characterized by an invertebrate 
fauna distinct from that in European rivers (Supplementary 
material Appendix 2 Table A3–A5). All rivers are in temper-
ate climate regions, including four oceanic (Cfb) and one 
mediterranean (Csa) region (Köppen–Geiger classification; 
Table 1). All studies collected benthic samples by manually 
disturbing sediments to a depth of approx. 5 cm within an 
area of approx. 0.1 m2, and collected subsurface samples by 
pumping 4–6 l of water and associated organisms from a 
depth of 30 cm below the bed; further details are provided in 
the Supplementary material Appendix 1.
Water permanence regimes
At each site on each river, water permanence in the sur-
face stream was quantified or estimated for the two years 
preceding the first invertebrate sample collection date, and 
stated as the % of the period without surface water (hereaf-
ter, % time dry). Datry et al. (2014a) describe calculation of 
% time dry in the Albarine, Asse and Selwyn. For the Glen 
and Lathkill, estimates were informed by long-term gauging 
station data, information from local hydrologists, our own 
on-site observations and meteorological data (Met Office 
2019). Water permanence was particularly variable among 
sites on the alluvial rivers Selwyn (0–89%; Larned  et  al. 
2008) and Albarine (0–60%; Datry et al. 2014b), with 0% 
and 89% indicating sites which never dry (i.e. perennial sites) 
and which dry for approx. 325 d yr−1, respectively (Table 1). 
In contrast, temporary sites on the Asse, Glen and Lathkill 
dried for < 90 d yr−1 in the two years preceding first sample 
collection.
No study quantified the extent to which the water table 
declined below the sediment surface, although water loss 
from sampled subsurface sediments occurred within seven 
days of surface water loss in the Albarine (Datry 2012) and 
our site-specific observations indicate comparable loss rates in 
other rivers. All rivers are characterized by predictable changes 
in water permanence in response to seasonal variation in the 
water table (Datry  et  al. 2007, 2014b, Stubbington  et  al. 
2011a, b, Datry 2012). Above-average rainfall (Met Office 
2019) prevented typical annual drying in the Glen and 
Lathkill during the study period, and samples were therefore 
collected after approx. 8–12 months of continuous flow at 
temporary sites, interrupted only by two short dry periods at 
one Glen site (Stubbington et al. 2011b).
Invertebrate data
For each river, we created three data sets: subsurface 
samples, benthic samples and subsurface–benthic sample 
‘pairs’. Subsurface and benthic samples were equal in num-
ber and collected concurrently in the Albarine, Asse, Glen 
and Lathkill. In the Selwyn, subsurface and benthic sam-
ples collected within two days of each other were used 
to create 43 sample ‘pairs’, with one subsurface sample 
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Figure 1. The direction and relative strength of hypothesized subsurface (S) and benthic (B) invertebrate community responses to water 
permanence (as the % of time a surface channel is dry): (a) change in α-diversity, indicating two possible relationships for subsurface 
communities: a linear decrease or a threshold relationship; (b) change in β-diversity and (c) the relative contributions of nestedness (taxa 
gain or loss) and turnover (taxa replacement) to dissimilarity between subsurface and benthic communities.
4sometimes paired with multiple benthic samples and vice 
versa (Supplementary material Appendix 1). For each ben-
thic, subsurface and paired subsurface–benthic data set, we 
calculated taxa richness (number of taxa sample−1) as a mea-
sure of α-diversity. We assigned individuals of taxa identi-
fied to multiple taxonomic levels (e.g. to genus and species 
level) to the single most likely taxon, to avoid overestimating 
richness while maintaining the finest taxonomic resolution 
possible. The taxonomic resolution varied among data sets 
(Supplementary material Appendix 2 Table A1), enabling 
observation of species-specific responses which could have 
been obscured by a coarser common resolution. Combining 
and comparing data that reach different taxonomic resolu-
tions is validated by strong correlations between species, 
genus and family-level responses in previous analyses (Heino 
and Soininen 2007, Datry et al. 2014a).
Data analysis
Relationships between community composition and drying 
duration (hypothesis 1)
To identify compositional differences and interactions 
between habitats (benthic, subsurface) and water perma-
nence regimes (perennial, temporary) in each river, we 
ran permutational multivariate ANOVA (PERMANOVA; 
Anderson 2001) on Sørensen distance matrices calcu-
lated for paired subsurface–benthic samples, with pres-
ence–absence data accounting for differences in sampling 
methods between habitats. Where interactions were iden-
tified between habitat and permanence regime, we used 
PERMANOVA based on Bray–Curtis dissimilarity matri-
ces of square-root-transformed abundance data to identify 
differences in subsurface community composition between 
perennial and temporary regimes. Where composition dif-
fered between regimes, we plotted non-metric multidi-
mensional scaling (NMDS) ordinations of subsurface and, 
separately, benthic community composition in relation to 
% time dry. We built separate subsurface and benthic linear 
models (LM) to characterize relationships between NMDS 
dimension 1 and 2 values and % time dry, and we report 
relationships identified as significant. We used analysis of 
covariance (ANCOVA) with habitat as a covariate to com-
pare subsurface and benthic responses to drying, with the 
interaction term indicating whether response magnitude 
differed between communities.
Relationships between α-diversity and drying duration 
(hypothesis 2)
We used LM to identify relationships between both benthic 
and, separately, subsurface richness and % time dry for all 
sites on each individual river, and also for sites with < 25% 
time dry on all rivers (Table 1). The latter analysis enabled 
identification of general patterns across rivers and, specifically, 
explored the hypothesized biotic responses to shorter drying 
durations (i.e. greater water permanence; Fig. 1a). For the 
analysis of sites with < 25% time dry, we built separate sub-
surface and benthic all-river generalized linear mixed-effects Ta
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5models (GLMM) using a Poisson error distribution and a log 
link function. We tested the GLMM for overdispersion. We 
included river as a random factor. We also included method 
(e.g. Hess or Surber for benthic communities; Table 1) as a 
random factor in preliminary models, but identified no effect 
and hence excluded it from final models. We used model 
parameter estimates to calculate average rates of loss or gain 
of taxa in relation to % time dry. Where both subsurface 
and benthic richness responded to drying duration, we used 
ANCOVA with habitat as a covariate to compare community 
response magnitudes.
Comparison of subsurface and benthic β-diversity  
(hypothesis 3)
We computed three distance matrices for separate subsur-
face and benthic communities in each individual river: total 
incidence-based β-diversity as the Sørensen index (βSOR), and 
its nestedness-resultant (βSNE) and turnover (βSIM) compo-
nents (Baselga and Orme 2012). βSNE describes differences 
resulting from taxa gain or loss and βSIM indicates turnover, 
in which some taxa replace other taxa. We used a random-
ization-based permutational analysis of multivariate disper-
sion (PERMDISP; Anderson 2004, Oksanen  et  al. 2018) 
to identify differences in βSOR and its components between 
subsurface and benthic communities.
Relationships between β-diversity and drying duration 
(hypothesis 3)
To explore relationships between mean β-diversity and % 
time dry for separate subsurface and benthic communities, 
we calculated β-diversity matrices for each site (not each % 
time dry) on each individual river, to consistently quan-
tify patterns at sites with both unique and shared drying 
durations. We used linear mixed-effects models (LMM) to 
assess relationships in an all-river analysis including sites 
with <25% time dry, with random factors as described 
for hypothesis 2. Where significant responses were identi-
fied for both subsurface and benthic communities, we used 
ANCOVA to test whether community responses magnitudes 
differed.
For rivers in which both α-diversity and β-diversity 
responded to % time dry, we used a null model to simulate 
random communities and thus assess if changes in β-diversity 
were driven by α-diversity (Chase et al. 2011, Chase and Myers 
2011). We used a quasiswap algorithm to conserve both orig-
inal taxa frequencies and site-specific taxa richness (Miklós 
and Podani 2004). Where β-diversity differed from random 
expectation, patterns were taken to indicate deterministic 
factors (e.g. environmental filtering); where β-diversity did 
not differ from random expectation, we inferred that pat-
terns reflected differences in α-diversity. Observed mean site 
β-diversity was compared to 95% confidence intervals (CI) of 
null-model β-diversities derived from 999 randomly gener-
ated mean values for each site. We calculated deviations from 
the null expectation (z values), expressed as the difference 
between the observed and expected site mean β-diversity 
divided by the standard deviation of the expected value for 
each site. We assessed the linear relationship between z values 
and % time dry to determine if changes in β-diversity were 
related to changes in community composition along water 
permanence gradients.
Relationships between subsurface–benthic community 
dissimilarity and drying duration (hypothesis 4)
To describe subsurface–benthic community dissimilarity, 
we calculated βSOR and its βSNE component for each pair 
of subsurface and benthic community samples. To comple-
ment βSNE (the nestedness-resultant component of dissimi-
larity; Baselga 2012), we used NODF (Nestedness metric 
based on Overlap and Decreasing Fill; Almeida-Neto et al. 
2008) to calculate true subsurface–benthic nestedness 
for each sample pair. To assess if differences between the 
observed and null NODF values were significant, we com-
pared observed values to the 95% CI derived from 999 
randomly generated values and expressed deviations from 
the null expectation as z values. We used LM to charac-
terize relationships between % time dry and βSOR, βSNE 
and NODF on all individual rivers except the Selwyn, for 
which we used LMM with pair as a random factor due to 
the non-independence of the multiple subsurface samples 
which shared one paired benthic sample and vice versa. We 
also used LMM to explore these relationships in an analysis 
of all sites with < 25% time dry, with random factors as 
described for hypothesis 2.
Taxon-specific responses to drying duration
We used Threshold Indicator Taxa ANalysis (TITAN; Baker 
and King 2010) with 500 bootstrap replicates to identify 
changes in subsurface and benthic taxon occurrence and 
abundance in relation to water permanence. TITAN combines 
indicator value analysis (IndVal, Dufrêne and Legendre 1997) 
and change-point analysis to identify the association of each 
taxon present in ≥ 3 samples with points along an environ-
mental gradient, in this case water permanence. We identified 
instances in which a taxon that increased in the subsurface 
sediments in response to % time dry experienced a concur-
rent decrease in benthic abundance, and also compared the % 
time dry thresholds for taxa identified by TITAN as declining 
in both habitats.
Analyses were done in R ver. 3.5.0 (R Core Team) using 
the packages betapart (Baselga and Orme 2012), blmeco 
(Korner-Nievergelt  et  al. 2019), lme4 (Bates  et  al. 2018), 
TITAN2 (Baker and King 2010) and vegan (Oksanen et al. 
2018).
Data deposition
Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.84gr477> (Stubbington  et  al. 
2019).
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Compositional community responses to drying duration 
(hypothesis 1)
Community composition differed between subsurface and 
benthic habitats in all rivers and between perennial and tem-
porary water permanence regimes in all rivers except the Asse 
(Supplementary material Appendix 2 Fig. A1, A2, Table A2). 
Interactions with habitat indicated contrasting subsurface 
and benthic community responses to water permanence in 
all rivers except the Albarine and Asse (Supplementary mate-
rial Appendix 2 Fig. A1, A2, Table A2). Subsurface com-
munity composition also differed between perennial and 
temporary sites in all rivers except the Asse (PERMANOVA, 
p = 0.001). Both subsurface and benthic community compo-
sition changed along the water permanence gradient in all 
rivers except the Asse (Supplementary material Appendix 2 
Fig. A1, A2). Response magnitude was greater for benthic 
than subsurface communities in the Albarine (ANCOVA, 
F1,148 = 141.0, p < 0.001) and Glen (F1,154 = 234.9, p < 0.001), 
greater for subsurface communities in the Lathkill 
(F1,188 = 16.7, p < 0.001) and comparable for Selwyn com-
munities (F1,196 = 0.125, p = 0.724; Supplementary material 
Appendix 2 Fig. A1, A2).
Responses of α-diversity to drying duration 
(hypothesis 2)
Supplementary material Appendix 2 Table A3–A5 report 
mean ± SE taxa richness and abundance in subsurface and 
benthic communities. Across all sites with < 25% time dry, 
benthic richness decreased with increasing drying duration 
(GLMM, CI [−0.007:<−0.001]) whereas subsurface rich-
ness was stable (CI [−0.002:0.008]; Fig. 2a). Parameter 
estimates indicated that, on average, benthic taxa richness 
decreased by 3% with every 10% increase between 0 and 
25% time dry (i.e. between 0 and 10%, 1 and 11% etc.). 
Considering all sites on individual rivers, richness decreased 
with increasing drying duration for both communities in 
the Albarine and Selwyn, a moderate increase in subsurface 
richness occurred with increasing % time dry in the Lathkill, 
and no trends were observed in the Asse or Glen (Fig. 2). 
ANCOVA indicated higher magnitude benthic compared 
to subsurface responses to drying duration, across sites on 
all rivers with < 25% time dry (F1,632 = 63.0, p < 0.001), 
in the Albarine (F1,148 = 36.5, p < 0.001) and in the Selwyn 
(F1,114 = 26.6, p < 0.001; Fig. 2).
Subsurface β-diversity and benthic β-diversity 
compared (hypothesis 3)
Across all rivers and both subsurface and benthic communi-
ties, total β-diversity (βSOR) ranged between 0.39 and 0.62 
(Supplementary material Appendix 2 Table A6). No pattern 
typified differences in β-diversity between subsurface and 
benthic communities (Supplementary material Appendix 
2 Table A6): βSOR was higher in subsurface communities in 
the Glen and Lathkill, higher in benthic communities in the 
Selwyn, and comparably low in Albarine and Asse commu-
nities. βSIM was consistently higher than βSNE in both com-
munities: variability among sites was driven more by taxa 
replacement than taxa loss or gain, with contrasting differ-
ences between communities observed across rivers for both 
components (Supplementary material Appendix 2 Fig. A3, 
Table A6).
Responses of β-diversity to drying duration 
(hypothesis 3)
In the all-river analysis, benthic βSOR increased from 0 to 
25% time dry (LMM CI [0.0005–0.0066]; Fig. 3a). In the 
Albarine, an increase in βSOR with drying duration (Fig. 3b) 
reflected an increase in benthic community variability that 
was driven by declining α-diversity (LM z value ~% time dry, 
t = 3.7, p = 0.002; Fig. 2b): communities were more similar 
than expected by chance at low % time dry, but did not differ 
from random expectation as drying durations increased. The 
βSOR of subsurface communities was stable across the water 
permanence gradient across all sites with < 25% time dry 
and in all individual rivers except the Selwyn (Supplementary 
material Appendix 2 Fig. A4). Here, βSOR declined as drying 
duration increased, and changes in β-diversity (Fig. 3d) were 
independent of α-diversity (LM z value ~% time dry, t = 0.86, 
p = 0.416; Fig. 2f ). No consistent, significant responses were 
identified for separate subsurface and benthic communities 
(Fig. 3, Supplementary material Appendix 2 Fig. A4), and so 
we did not compare response magnitudes.
Responses of subsurface–benthic community 
dissimilarity to drying duration (hypothesis 4)
No relationship was identified between % time dry and sub-
surface–benthic community dissimilarity (βSOR), across all sites 
with < 25% drying durations (LMM, CI [−0.002:0.001]; 
Supplementary material Appendix 2 Fig. A5a), or in any 
individual river except the Selwyn; here, βSOR was high and 
increased with % time dry (CI [<0.001:0.003]; Supplementary 
material Appendix 2 Fig. A5f). Weak decreases in the βSNE 
contribution to βSOR were identified with decreasing water per-
manence across all sites with < 25% drying durations (LMM 
CI [−0.005:<−0.001]) and in the Albarine and Selwyn (CI 
[−0.002:<−0.001]; Supplementary material Appendix 2 
Fig. A6); no relationships with % time dry were observed in 
other rivers. Comparable reductions in NODF values were 
observed with increasing drying duration in the Albarine and 
Selwyn (CI [−0.085:−0.030]); no relationship was identi-
fied across sites with < 25% time dry (CI [−0.030:0.018]; 
Supplementary material Appendix 2 Fig. A7).
Taxon-specific responses to drying duration
The subsurface occurrence of ≥ 1 taxon increased in response 
to % time dry in all rivers, with Cyclopoida (Copepoda) 
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Figure 2. Subsurface and benthic invertebrate community α-diversity (as taxonomic richness; taxa sample−1; sample sizes are in Table 1) in 
relation to the % of time without surface water in five rivers: (a) sites with 0–25% drying durations across all rivers; the (b) Albarine; 
(c) Asse; (d) Glen; (e) Lathkill and (f ) Selwyn. Relationships identified using generalized linear mixed-effects models are described in the 
text for (a).
8showing high-magnitude responses at thresholds of 0–10% 
time dry in four rivers (Fig. 4). Other high-magnitude 
positive responses were observed for Gammarus pulex 
(Amphipoda) from 0 to 24% time dry and Ephemerella 
ignita (Ephemeroptera) and Ostracoda from 20 to 24% 
in the Lathkill, and Lumbriculus worms between 10 and 
85% in the Selwyn (Fig. 4). Lower magnitude increases 
were recorded for the Chironomidae (Diptera) from 5 to 
20% time dry in the Glen and 0 to 20% in the Lathkill, 
Caenis luctuosa (Ephemeroptera) from 5 to 20% in the Glen, 
and Nemoura (Plecoptera) from 0 to 24% in the Lathkill 
(Fig. 4). A concurrent subsurface increase (Fig. 4) and ben-
thic decline was not observed for any taxon, whereas concur-
rent increases occurred for chironomids from 5 to 20% time 
dry in the Glen (Supplementary material Appendix 2 Fig. 
A8). Thresholds at which a change began were identical for 
most taxa for which both subsurface (Fig. 4) and benthic 
(Supplementary material Appendix 2 Fig. A8) occurrence 
and abundance decreased.
Discussion
Recent research in disturbance-prone river ecosystems 
has emphasized the importance of lateral links among 
communities in supporting the integrity of wider meta-
communities (Brown  et  al. 2011, Datry  et  al. 2016, 
Sarremejane  et  al. 2017). We highlight that extending 
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Figure 3. Invertebrate community β-diversity in relation to the % of time without surface water, based on the Sørensen index (βSOR) and its 
nestedness-resultant (βSNE) and turnover (βSIM) components. Benthic communities at sites: (a) with 0–25% drying durations across all rivers; 
(b) on the Albarine; (c) on the Glen and (d) subsurface communities on the Selwyn. Relationships identified using linear mixed-effects 
models are described in the text for (a).
9Figure 4. Threshold Indicator Taxa ANalysis (TITAN) plots of taxa whose subsurface occurrence decreased (black-filled circles, y axis 1) or 
increased (white-filled circles, y axis 2) in relation to the % of time without surface water in five rivers: the (a) Albarine; (b) Asse; (c) Glen; 
(d) Lathkill and (e) Selwyn. Circle size indicates IndVal scores rescaled as z scores i.e. the relative magnitude of change in a taxon’s frequency 
of occurrence. Horizontal lines extending from each symbol indicate the range within which change points occurred in 95% of bootstraps, 
with symbols indicating the earliest and latest change points for increases and decreases, respectively. Table 1 provides river-specific % time 
dry details, e.g. a threshold of 0% indicates responses at sites with ≥ 1, 2, 5, 7 and 20% time dry on the Asse, Albarine, Glen, Selwyn and 
Lathkill, respectively.
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ecological characterizations in the vertical dimension can 
further advance understanding of responses to disturbance, 
by recognizing changing dynamics within connected ben-
thic-subsurface communities. Our results demonstrate the 
imprint of drying on instream communities and suggest it 
as a fundamental force that structures a community span-
ning the surface and subsurface sediments, with each con-
tributor to this community making a distinct contribution 
to biodiversity.
Effects of drying on subsurface and benthic 
community composition and α-diversity
Subsurface community composition changed but richness 
did not decline along water permanence gradients span-
ning short-to-moderate (< 25%) drying durations. These 
responses contrasted with those of benthic communities, 
which typically experienced greater compositional changes 
accompanied by reductions in richness. Subsurface interstices 
retain free water for longer, then maintain greater humidity 
compared to surface sediments (Valett  et  al. 1990), espe-
cially in temperate climates with year-round precipitation, as 
exemplified by our UK rivers (Table 1). These conditions can 
facilitate persistence of viable organisms within subsurface 
sediments until water availability falls below taxon-specific 
tolerance thresholds (Stanley et al. 1994, Clinton et al. 1996, 
Stubbington et al. 2009, Stubbington and Datry 2013). At 
sites experiencing longer (> 25%) dry periods, a decline in 
subsurface richness supported the threshold relationship for 
α-diversity in our second hypothesis (Fig. 1a). Our results 
indicate that subsurface sediments can promote biotic persis-
tence of low-abundance invertebrate communities in tempo-
rary rivers, but that their inhabitability typically declines as 
drying durations increase.
Permanent subsurface communities are often domi-
nated by meiofauna, many species of which are desiccation-
tolerant and can thus survive dry phases within humid 
interstices (Supplementary material Appendix 2 Table 
A4, Clinton  et  al. 1996, Stubbington  et  al. 2017b). We 
recorded an increase in the subsurface occurrence of cyclo-
poid copepods as water permanence decreased in four of five 
rivers (Fig. 4), suggesting that drying may enable existing, 
adapted subsurface inhabitants to thrive in a low-predation 
niche if drying-sensitive competitors are lost (Dahms 1995, 
Stubbington et al. 2009, Milner et al. 2018). Positive biotic 
responses to declining permanence have previously been 
identified for adapted taxa in both benthic (Williams 1996, 
Bogan et al. 2013) and subsurface sediments (Datry et al. 
2007). Our use of TITAN (Baker and King 2010) enabled 
the first quantitative comparison of taxon-specific subsur-
face and benthic change points on a water permanence 
gradient, thus enabling predictions of ecological responses 
to changing permanence regimes in a context of ongoing 
climate change (Costigan et al. 2016).
TITAN also identified water permanence thresholds 
at which the subsurface occurrence of primarily benthic 
taxa increased. Their migration into deeper sediments may 
have offset loss of desiccation-sensitive taxa, explaining the 
stable subsurface richness at shorter (< 25%) drying dura-
tions. Notably, the subsurface abundance of Gammarus pulex 
increased in the Lathkill above 0% time dry (Fig. 4d) while 
its benthic abundance remained stable (Supplementary mate-
rial Appendix 2 Fig. A8c), indicating active migration into 
deeper sediments (Stubbington 2012). Stubbington  et  al. 
(2011a, b) suggest that declining submerged habitat availabil-
ity in the Lathkill increased invertebrate densities, intensified 
intraspecific interactions, and thus triggered these vertical 
migrations (McGrath  et  al. 2007). In contrast, the subsur-
face population of G. pulex declined above 20% time dry in 
the Albarine (Fig. 4a), indicating that for this desiccation-
sensitive taxon, subsurface sediments became inhospitable as 
drying durations increased (Extence 1981, Stubbington et al. 
2009, Vadher et al. 2018). Our results suggest that the refuge 
capacity of subsurface sediments changes over time during 
individual disturbances, as well as varying among events and 
among taxa (Dole-Olivier  et  al. 1997, Stubbington 2012, 
Vander Vorste et al. 2016).
Subsurface β-diversity and benthic β-diversity 
compared
Our hypothesis that β-diversity would be lower in subsur-
face compared to benthic communities (Fig. 1b) due to 
greater benthic habitat heterogeneity (Datry 2012) was 
only supported in the Selwyn (Supplementary material 
Appendix 2 Fig. A3, Table A6) and was driven by turnover. 
This likely reflects replacement of desiccation-sensitive 
taxa by drying-adapted taxa in response to benthic habitat 
variability along the Selwyn’s 60-km, 0–89% water per-
manence gradient, with a shift from communities domi-
nated by caddisflies such as Olinga feredayi to those with 
high abundance of chironomids including Eukiefferiella 
(Arscott  et  al. 2010). In contrast to our hypothesis, 
β-diversity was higher for subsurface than benthic com-
munities in the Lathkill and Glen. This may partly reflect 
inflated impacts of individual taxonomic differences in 
these taxa-poor communities (Chase 2007, Chase  et  al. 
2011), their low richness likely reflecting collection using 
the vacuum-pump method (Stubbington  et  al. 2016) as 
well as the influence of anthropogenic activity on habitat 
quality (Stubbington 2011). Short among-site dispersal 
distances in these small catchments (Table 1) mean that 
dispersal by dominant taxa (i.e. Chironomidae in the 
Glen and G. pulex in the Lathkill; Supplementary material 
Appendix 2 Table A5) had greater potential to homogenize 
benthic communities than those in relatively inaccessible 
subsurface sediments (Heino et al. 2015). High subsurface 
β-diversity in the Lathkill also reflected the occurrence of 
primarily benthic taxa (e.g. G. pulex, Nemoura) in subsur-
face sediments at some sites, contributing to the changes in 
community composition and stable taxa richness observed 
at shorter drying durations.
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Effects of drying on subsurface and benthic 
β-diversity
Our hypothesized ‘humped’ response of β-diversity to dry-
ing duration (Fig. 1b) was informed by the theories that loss 
of drying-sensitive taxa (Chase 2007, Lepori and Malmqvist 
2009) and mass effects (Heino  et  al. 2015) reduce vari-
ability in community composition at highly disturbed and 
undisturbed sites, respectively, whereas habitat heterogeneity 
enhances variability at sites with intermediate disturbance 
regimes ( Leigh and Datry 2017). We predicted greater 
changes for subsurface communities due to their fleeting 
supplementation by benthic migrants. Despite the described 
evidence for such migrations, we found no evidence of a 
humped relationship (informed by Leigh and Datry 2017) 
between β-diversity and water permanence (Fig. 1b) for 
either community.
Benthic β-diversity was stable (Supplementary material 
Appendix 2 Fig. A4) or increased linearly with declining 
water permanence, with positive associations identified 
across all sites with < 25% drying durations, and in 
the Albarine and Glen (Fig. 3). The increase in benthic 
β-diversity (and nestedness) with declining water perma-
nence on the Albarine was driven by falling α-diversity 
(Fig. 2b, Datry 2012): here, each taxonomic change had 
increasingly pronounced compositional effects in taxon-
poorer communities as permanence declined, and no ‘true’ 
increase in compositional variability occurred (Chase et al. 
2011). In contrast, the increase in β-diversity with dry-
ing duration across all sites with 0–25% time dry was 
independent of α-diversity, suggesting that environmental 
filtering may not reduce β-diversity at lower disturbance 
intensities (Chase 2007). Instead, habitat heterogene-
ity, lower connectivity and longer-lasting priority effects 
may have augmented benthic β-diversity. The contrast 
with declines in β-diversity with increasing disturbance 
intensity in other freshwater ecosystems with predictable 
disturbance regimes (Lepori and Malmqvist 2009) may 
reflect greater environmental heterogeneity in rivers with 
temporary water permanence regimes. Here, changing 
community composition reflects shifts between taxa asso-
ciated with flowing then ponded habitats as waters recede 
(Stubbington et al. 2017a, Tonkin et al. 2017) and com-
munity reassembly after flow resumes (Bogan and Lytle 
2011, Sarremejane et al. 2017).
We only observed the hypothesized homogenizing effects 
of disturbance on subsurface β-diversity in the mobile sedi-
ments of the alluvial Selwyn (Larned et al. 2008), where lower 
diversities occurred at longer drying durations (Fig. 3d). The 
Selwyn’s long (0–89%) water permanence gradient indicates 
that environmental filtering and convergent niche selection 
influenced community composition at high disturbance 
intensities (Leigh and Datry 2017). Recolonization of tem-
porary sites may be limited if distances to recolonist sources 
exceed those that even strong dispersers can achieve within 
short wet phases (Bogan et al. 2013), or if recruited juveniles 
are unable to complete their aquatic life stages before sites 
re-dry (Bogan and Lytle 2011). The contrast with benthic 
patterns may reflect the longer periods required for commu-
nities dominated by weak dispersers to recolonize relatively 
inaccessible subsurface sediments, with common subsur-
face inhabitants such as Olinga caddisflies and Deleatidium 
mayflies nearly absent from sites experiencing long dry 
durations. Stable subsurface β-diversity across the water 
permanence gradient in other rivers (Supplementary mate-
rial Appendix 2 Fig. A4) contrasts with the linear increase 
in benthic β-diversity as drying increased. This stability may 
reflect the nature of subsurface habitats: their inaccessibility 
reduces community exposure to homogenizing mass effects 
by competitive taxa at more permanent sites, while their 
relative environmental homogeneity limits compositional 
changes compared to benthic communities. Stable sub-
surface β-diversity occurred despite the increasing subsur-
face occurrence of some primarily benthic taxa, indicating 
that subsurface community structure is resistant to such 
short-term ‘invasions’.
Effects of drying on subsurface–benthic dissimilarity
Despite the increasing subsurface occurrence of benthic 
taxa, we found no evidence for the hypothesized decrease in 
dissimilarity between subsurface and benthic communities 
or increasing contribution of nestedness to dissimilarity as 
drying durations increased (Fig. 1c). Dissimilarity and water 
permanence were only related in the Selwyn, where dis-
tinct subsurface and benthic communities (Supplementary 
material Appendix 2 Table A3–A5) became more dissimilar 
with drying duration (Supplementary material Appendix 
2 Fig. A5f ). Subsurface–benthic nestedness declined as 
permanence decreased in the Albarine, Selwyn and across 
all sites with < 25% time dry (Supplementary material 
Appendix 2 Fig. A6). Our hypotheses were informed by 
evidence that the subsurface sediments can be a drying ref-
uge (Stubbington 2012, Vander Vorste  et  al. 2016), but 
local habitat conditions such as rapid subsurface water 
loss after surface drying may have prevented persistence 
of predominantly benthic taxa within interstitial spaces 
in the Selwyn (Datry  et  al. 2007) and Albarine (Datry 
2012). Our results suggest that subsurface sediments may 
be inhabited by communities that are resistant to influxes 
of colonists and that – despite lower macroinvertebrate 
α-diversity – have their own distinct identity (Peralta-
Maraver et al. 2018), their distinctness increasing as water 
permanence declines.
Conclusions
We extend understanding of how local α-diversity and its spa-
tial organization (β-diversity) respond to disturbance within 
highly connected contributors to wider metacommunities 
that inhabit three-dimensional landscapes. We suggest that 
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communities within subsurface habitats contribute to the 
biodiversity of metacommunities connected by dispersal in 
both horizontal and vertical planes. Subsurface communities 
are exposed to relatively limited environmental variability, 
and thus support a diverse, functionally important biota dur-
ing disturbances. By highlighting that vertical connectivity 
can promote community persistence during disturbance, our 
results inform the development of effective monitoring and 
management strategies that underpin the ecological resilience 
of dynamic ecosystems in a changing world (Socolar  et  al. 
2016). We observed both common and contrasting patterns in 
temperate-zone rivers across two continents. Contrasting pat-
terns partly reflect our inclusion of data collected throughout 
hydrological cycles, which enabled identification of general 
relationships between environmental drivers and community 
responses irrespective of temporal variability. Future research 
could build on our work by exploring global and context-
dependent patterns of temporal variability in subsurface–
benthic α and β-diversity responses to drying disturbances.
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